Potential repair by cell grafting or mobilizing endogenous cells holds particular attraction in heart disease, where the meager capacity for cardiomyocyte proliferation likely contributes to the irreversibility of heart failure. Whether cardiac progenitors exist in adult myocardium itself is unanswered, as is the question whether undifferentiated cardiac precursor cells merely fuse with preexisting myocytes. Here we report the existence of adult heart-derived cardiac progenitor cells expressing stem cell antigen-1. Initially, the cells express neither cardiac structural genes nor Nkx2.5 but differentiate in vitro in response to 5-azacytidine, in part depending on Bmpr1a, a receptor for bone morphogenetic proteins. Given intravenously after ischemia͞reperfusion, cardiac stem cell antigen 1 cells home to injured myocardium. By using a Cre͞Lox donor͞ recipient pair (␣MHC-Cre͞R26R), differentiation was shown to occur roughly equally, with and without fusion to host cells. C ardiomyocytes can be formed, at least ex vivo, from diverse adult pluripotent cells (1-5). Apart from therapeutic implications and obviating ethical concerns aroused by embryonic stem cell lines, adult cardiac progenitor cells might provide an explanation distinct from cell cycle reentry, for the reported rare occurrence of cycling ventricular muscle cells (6). However, recent publications suggest the failure of certain stem cells' specification into neurons, skeletal muscle, and myocardium in vivo (7, 8) and recommend greater conservatism in evaluating claims of adult stem cell plasticity, for cogent reasons (9-11).
C
ardiomyocytes can be formed, at least ex vivo, from diverse adult pluripotent cells (1) (2) (3) (4) (5) . Apart from therapeutic implications and obviating ethical concerns aroused by embryonic stem cell lines, adult cardiac progenitor cells might provide an explanation distinct from cell cycle reentry, for the reported rare occurrence of cycling ventricular muscle cells (6) . However, recent publications suggest the failure of certain stem cells' specification into neurons, skeletal muscle, and myocardium in vivo (7, 8) and recommend greater conservatism in evaluating claims of adult stem cell plasticity, for cogent reasons (9) (10) (11) .
The rarity of cardiogenic conversion by endogenous hematopoietic cells (2, 12) , requirements for intracardiac injection (3), or mobilization by cytokines (13) , uncertain proof for myocytes of host origin in transplanted human hearts (14) , and the confounding possibility of cell fusion after grafting in vivo (15, 16) highlight unsettled issues surrounding stem cell plasticity in heart disease. For donor cell types already in clinical studies, the predominant in vivo effect of bone marrow or endothelial progenitor cells may be neoangiogenesis, not cardiac specification (17, 18) , and skeletal myoblasts, despite integration and survival, are confounded by arrhythmias, perhaps reflecting lack of transdifferentiation (19) . These obstacles underscore the need to seek cardiac progenitor cells beyond the few known sources.
Materials and Methods
Flow Cytometry and Magnetic Enrichment. A ''total'' cardiac population was isolated from 6-to 12-wk-old C57BL͞6 mice by coronary perfusion with 0.025% collagenase, as for viable adult mouse cardiomyocytes (20) . More typically, a ''myocytedepleted'' population was prepared, incubating minced myocardium in 0.1% collagenase (30 min, 37°C), lethal to most adult mouse cardiomyocytes (20) . Cells were then filtered through 70-m mesh. Bone marrow cells (21) were compared, with or without collagenase and filtration. Cells were labeled with stem cell antigen 1 (Sca-1)-phycoerythrin (PE), Sca-1-FITC, c-kit-PE; CD4-, CD8-, B220-, Gr-1-, Mac-1-, TER-119-, CD45-, CD31-, CD38-, and Flk-1-FITC; vascular endothelial-cadherin-biotin; von Willebrand factor-biotin (all Pharmingen); and Flt-1 (Santa Cruz Biotechnology). CD45-PE (Pharmingen) was used for bone marrow cells. Biotinylated antibodies were detected with streptavidin-PE or streptavidin-FITC, Flt-1 with FITCconjugated secondary antibody (Sigma), and nonviable cells with propidium iodide. Flow cytometry was performed with an EPICS XL-MCL (Beckman Coulter) except as noted. Gates were established by nonspecific Ig binding in each experiment.
Cells labeled with Sca-1-biotin (Pharmingen) were incubated with antibiotin microbeads (Miltenyi Biotec, Auburn, CA) and purified by five to six cycles of magnetic selection (22) . Sorted populations were reanalyzed by flow cytometry, and the purity of Sca-1 ϩ cells was confirmed before use.
to 5 d after instrumentation, the left anterior descending coronary artery was occluded for 1 h and reperfused for 6 h. Newly isolated Sca-1 ϩ cells (10 6 ) from ␣MHC-Cre mice or wild-type littermates were then injected in 100 l of PBS via the right jugular vein. Mice were killed 2 wk later, with comparable survival (62%) in each group.
Histology and Western Blot. Alexa Fluors for antibody conjugation were from Molecular Probes. To localize Sca-1 plus laminin, Alexa Fluor 495-mouse anti-Sca-1 (Pharmingen) was used with rabbit antilaminin (Sigma) then with FITC-goat anti-rabbit IgG (Sigma). To localize Sca-1 plus CD31, Alexa Fluor 495-mouse anti-CD31 (Pharmingen) was used with FITC-Sca-1. To test homing (dye-labeled cells 24 h after i.v. delivery) and stable engraftment to the heart (dye-labeled cells at 2 wk), Ͼ120,000 cells were sampled for each condition. Expression of R26R without recombination was assessed by using rabbit antibody to neo (NPTII; Agdia, Elkhart, IN). To detect LacZ activation by Cre ϩ donor cells, myocytes were stained by using mouse anti-␤-galactosidase (Sigma) then Texas red-goat anti-mouse IgG (Molecular Probes), and with FITC-mouse antisarcomeric ␣-actin (Sigma) or rabbit antilaminin (Sigma) then FITC-goat antirabbit IgG (Sigma). To elucidate the prevalence of fusion more precisely, myocardium was triply stained for Cre, neo, and LacZ by using Alexa Fluor 488-mouse anti-Cre (Babco, Richmond, CA); rabbit antibody to neo or laminin, and Alexa Fluor 647-goat anti-rabbit IgG; and Alexa Fluor 594-or 647-mouse anti-␤-galactosidase (Fig. 4 F, H, and I) . Mouse antibodies to sarcomeric ␣-actin and cardiac troponin I were conjugated with Alexa Fluor 594 and mouse anticonnexin-43 (Sigma) with Alexa Fluor 647. Mitotic phosphorylation of histone H3 was detected by using rabbit antibody to the serine-10 phosphoepitope (Upstate Biotechnology, Lake Placid, NY) then Alexa Fluor 647-goat anti-rabbit IgG. Irrelevant mouse and rabbit antibodies conjugated with each fluor were the negative controls. Nuclei were counterstained with 4Ј, 6-diamidino-2-phenylindole. Immunostaining was visualized by confocal microscopy (Zeiss LSM 510). Western blotting for neo was performed by using antibody to neo vs. total actin and enhanced chemiluminescence reagents (Amersham Pharmacia Biotech).
Statistical Analysis. Data (mean Ϯ SE) were analyzed by ANOVA and Scheffé's test, by using a significance level of P Ͻ 0.05.
Results
Isolation of Sca-1 ؉ Cells from Adult Mouse Myocardium. In adult mouse hearts, cardiomyocytes comprise 20-30% of the total population, the remainder including fibroblasts, vascular smooth muscle, and endothelium (28) . We isolated a ''myocytedepleted'' fraction of adult cardiac cells using collagenase under conditions lethal for most adult ventricular myocytes, then analyzed the cells by flow cytometry for stem cell markers including Sca-1 and c-kit. Approximately 14-17% of the cells expressed Sca-1 (increased 7-fold, compared with total cardiac cells; Fig. 1A ). As in skeletal muscle (29) , cardiac Sca-1 ϩ cells were small interstitial cells adjacent to the basal lamina, typically coexpressing platelet-endothelial cell adhesion molecules (CD31) and in proximity with endothelial Sca-1 Ϫ CD31 ϩ cells (Fig. 1B) .
Cardiac Sca-1 ϩ cells lacked blood cell lineage markers (CD4, CD8, B220, Gr-1, Mac-1, and TER119), c-kit, Flt-1, Flk-1, vascular endothelial-cadherin, von Willebrand factor, and hematopoietic stem cell markers CD45 and -34 ( Fig. 1C ). These features argue against a hematopoietic progenitor cell, endothelial progenitor cell, or mature endothelial phenotype. Levels of markers in bone marrow cells were not diminished by collagenase ( Fig. 1C Right) , excluding spurious effects of enzymatic digestion. Most cardiac Sca-1 ϩ cells express CD31 or its receptor CD38, implicated in cell-cell binding ( Fig. 1 B and C) . Conversely, only 1 in 150,000 peripheral blood cells had this phe-
By efflux of Hoechst dye 33342, 0.03% of cardiac cells possess the properties of side population (SP) cells (Fig. 1D) , which are enriched for long-term self renewal in other tissues; their prevalence even in bone marrow is only 0.05% (2, 21, 29) . Cardiac SP cells are Ͼ93% Sca-1 ϩ , differ from marrow SP cells by typically lacking CD45 and c-kit (Fig. 1D) , and are enriched 100-fold in the Sca-1ϩ population (Fig. 1E ).
Cardiac Sca-1 ؉ Cells Express Most Cardiogenic Transcription Factors but Not Cardiac Structural Genes. By magnetic separation, we isolated a Sca-1 ϩ fraction (Ͼ96% pure, after five or more rounds) and Sca-1 Ϫ fraction (Ͼ99% pure, even in the flowthrough; Fig. 2A ). Telomerase reverse transcriptase is associated with self-renewal potential, down-regulated in adult myocardium, and sufficient to prolong cardiomyocyte cycling (30) . By a telomeric repeat amplification protocol (30), we detected telomerase activity only in Sca-1 ϩ cells from adult heart but not in Sca-1 Ϫ cells, at levels similar to neonatal myocardium (Fig. 2B) .
By RT-PCR (Fig. 2C) , Sca-1 ϩ cells express none of the following cardiac genes: ␣-and ␤MHC, atrial and ventricular myosin light chain-2 (MLC-2a, -2v); cardiac and skeletal ␣-actin; and muscle LIM protein͞cysteine-rich protein-3. Most were detected in Sca-1 Ϫ cells, consistent with the presence of some myocytes in the starting ''myocyte-depleted'' fraction. Sca-1 ϩ cells did not express Nkx2.5 and had minimal levels of SRF. However, other cardiogenic transcription factors were expressed (GATA-4, MEF-2C, and TEF-1), as in marrow stromal cells with cardiogenic potential (1) . Consistent with the lack of Flt-1 and Flk-1 by flow cytometry (Fig. 1C) , little or no expression was seen by RT-PCR (Fig. 2C) . Sca-1 Ϫ cells did express Tie-2 and angiopoietin-1 (Ang1), ostensibly vascular markers found also in marrow SP cells (2) .
Microarray profiling (Table 1) was concordant with these results, extending the cardiac structural genes that are not expressed in cardiac Sca-1 ϩ cells, and adding Bop and popeye-3 as cardiogenic transcription factors that are absent. Neither CD45, CD34, c-kit, nor Flt-1 was detected, nor the hematopoietic stem cell transcription factors Lmo2, GATA2, and Tal1͞Scl. Adult cardiac Sca-1 ϩ cells were enriched, as expected, for diverse cell cycle mediators, growth factors, cytokines, and chemokines. Sca-1 ϩ cells also express multiple transcriptional repressors (DNA methyltransferase-1, histone deacetylase-1, the Notch effector Hes1, and Groucho-binding proteins runx1 and -2), as found in adult and embryonic stem cells (31) . Absence of Oct-4 and UTF-1, by microarray profiling, was confirmed by RT-PCR.
In Vitro Differentiation of Cardiac Sca-1 ؉ Cells. The cytosine analog 5-aza can induce cardiac differentiation by marrow stromal cells (1), suggesting its possible utility here. Cells treated with 3 M of 5-aza for 3 d, starting 3 d after plating, gradually developed multicellular spherical structures (Fig. 3A) , then flattened after 2 wk. Immunostaining at 4 wk confirmed the induction of sarcomeric ␣-actin (4.6 Ϯ 1.2%) and cardiac troponin-I (2.8 Ϯ 0.9%) in treated cells (Fig. 3B) but not untreated ones (not shown). Nkx-2.5, ␣MHC, ␤MHC, and type 1A receptor for bone morphogenetic proteins (Bmpr1a) that are involved in heart development (25), were highly induced by 5-aza (Fig. 3C) ; all but ␤MHC were apparent at 2 wk. None was expressed in the absence of 5-aza or in cells treated with 1% DMSO (not shown).
Although myocyte-restricted deletion of Bmpr1a disrupts cardiac organogenesis, lethality at gastrulation in homozygousnull mice obscures the gene's role in cardiac specification (25) , and differing mechanisms mediate cardiac fate, depending on the progenitors examined (4, 23) . Therefore, Sca-1 ϩ cells from Bmpr1a F͞Ϫ hearts (containing one loxP-flanked and one null allele) were exposed to adenovirus encoding LacZ vs. Cre (Fig.  3D) . Disruption of Bmpr1a by Cre was confirmed by PCR (Fig.  3D ) and differentiation was compared by using quantitative real-time PCR (Fig. 3E) . Neither Tbx5 nor BMP-4 required 5-aza for expression, and their expression was unchanged in the absence of Bmpr1a. By contrast, deletion of Bmpr1a significantly impaired the induction of BMP-2, MEF-2C, and, especially, ␣-MHC. Of the genes investigated, only Nkx-2.5 was induced by 5-aza yet unaffected by disruption of Bmpr1a.
A Cre͞Lox Donor͞Reporter System Demonstrates Homing, Differentiation, and Fusion of Cardiac Sca-1 ؉ Cells in Injured Myocardium. In proof-of-concept studies to explore the feasibility of homing and stable engraftment to the heart, we labeled cardiac Sca-1 ϩ cells with the membrane dye PKH2-GL and injected cells i.v. after ischemia͞reperfusion injury (Fig. 4 A and D) . Donor cells were detected in myocardium within 24 h by epifluorescence microscopy (mean, 0.8 Ϯ 0.05% of total left ventricular cells) but were absent from the infarct itself; uninfarcted regions, lung, liver, kidney, and control mice received Sca-1 ϩ cells without infarction. As with marrow-derived mesenchymal stem cells (32, 33) , cardiac Sca-1 ϩ cells were also detected in the spleen (not shown). Persistence of the grafted cells in myocardium at 2 wk (''engraftment'') was confirmed in 10 of 14 mice (5.1 Ϯ 1.1%, suggesting proliferation in the interim) and induction of sarcomeric ␣-actin confirmed in Ͼ60% of dye-labeled cells. Donorderived sarcomeric actin-positive cells were abundant in the infarct border zone (18.1 Ϯ 4.4%) but there were 200-fold fewer after injecting Sca-1 Ϫ cells (0.08 Ϯ 0.002%).
Next, we used a Cre͞Lox donor͞recipient pair as a more conclusive genetic tag of cell identity and a means to test the issue of cell fusion (Fig. 4 A-C and E-I) . Here, differentiation of donor cells is reflected by induction of ␣MHC-Cre and fusion between donor and host cells by activation of LacZ. ␣MHC is a late but stringent criterion of cardiac differentiation, and no promiscuous expression is seen with ␣MHC-Cre (25, 34) . Newly isolated cardiac ScaI ϩ cells from ␣MHC-Cre mice do not express Cre (Fig. 4B) , as anticipated from their lack of endogenous ␣MHC (Figs. 2C and 3C ). To monitor R26R expression in adult hearts, we first stained for neo, which provides the LoxP-flanked ''stop'' signal upstream from LacZ and should be present in all R26R cells lacking Cre. R26R mice express neo by Western blotting, wild-type C57BL͞6 mice do not express neo, and R26R mice stain homogenously for neo throughout myocardium even in the infarct border zone (Fig. 4 C and E) .
Two weeks after injury and infusion of undifferentiated ␣MHC-Cre Sca-1 ϩ cells, nuclear-localized Cre protein was detected specifically in the infarct border zone (Fig. 4 F-I) . The prevalence of Cre ϩ nuclei in the left ventricle was Ϸ3% (n ϭ 3; 75,000 sampled), engraftment 150-fold greater than reported for endogenous marrow-derived SP cells (35) . Cre ϩ cells were localized almost exclusively to anterolateral myocardium, and the region was subjected to infarction (Fig. 4G) . Coexpression of Cre and LacZ was readily apparent in half the Cre ϩ cells, as evidence of chimerism (Fig. 4G) . Injection of nontransgenic cardiac Sca-1 ϩ cells lacking ␣MHC-Cre did not produce Cre protein or activate LacZ (Fig. 4F Left) . By immunostaining for LacZ plus sarcomeric ␣-actin or laminin, LacZ activation was confined to myocytes (Fig. 4 F and H, and data not shown) .
We do not know whether fusion precedes differentiation or vice versa. However, roughly half the cells expressing ␣MHC-Cre did not express LacZ (Fig. 4 F-I ). These Cre ϩ LacZ Ϫ cells could indicate differentiation autonomous of fusion (bona fide cardiopoiesis) or, alternatively, fused cells with incomplete penetrance for recombination. By triple staining for neo plus LacZ and Cre, fused cells without recombination were identifiable sporadically but minute in prevalence and did not contribute significantly to the Cre ϩ population (Fig. 4F Right) . Regardless of the presence or absence of fusion, all donor-derived differentiated (Cre ϩ ) cells expressed sarcomeric ␣-actin, cardiac troponin I, and connexin-43 (Fig. 4I) .
Assayed 2 wk after cell grafting, 5% of Cre ϩ sarcomeric actin ϩ cells (41͞816) stained for the serine-10 phosphorylation of histone H3, a marker of mitotic Cdc2 activity (30) , vs. only 0.00004% of Cre Ϫ cardiomyocytes (1͞24,000; Fig. 4I ).
Discussion
The inexorability of heart failure has prompted studies of interventions to supplant cardiac muscle cell number. A foundation for such efforts is to know what cells can be coaxed into a cardiac fate and how this transition is governed. By using cardiac-specific Cre to denote donor cell identity and differentiation in situ, we provide genetic evidence that cardiac muscle progenitors can be isolated from the adult heart. However, the frequent occurrence of LacZ ϩ chimeric cells, in vivo in the absence of selection pressure, provides a further cautionary note in the interpretation of adult cell plasticity (15, 16) . Cell fusion is typical of skeletal muscle myoblasts forming myotubes, but binucleation in postnatal ventricular myocytes occurs by uncoupling karyokinesis from cytokinesis. Cardiac (36) . Conceptually, the presence of Tie-2, Ang-1, and CD31 in the absence of all of the markers above might denote a primitive hemangioblast or its precursor. Surface labeling like that of cardiac Sca-1 ϩ cells also was reported for multipotent adult progenitor cells from bone marrow, but these home to normal liver and lung, lack mesoderm transcription factors, and express minimal Sca-1 (33) . Our data concur with the finding of SP cells in adult mouse myocardium that lack CD45 and hematopoietic potential (37) . In vitro, cardiac myogenesis by heart-derived Sca-1 ϩ cells depends at least in part on Bmpr1a, which may signify a useful pathway to promote their differentiation into cardiac muscle in vivo.
Because we used ␣MHC-Cre expression as the definitive marker of donor cell identity, we confine our analysis here to donor-derived cardiomyocytes. Alternative lineage markers, clonal studies, and other methods will be needed to pinpoint the cells' fates and origin. If progenitor cells are assumed conservatively to be just a small proportion of the Sca-1 ϩ cells, even minute subpopulations like SP cells could be essential to the phenotype observed. Knowledge of the cells' source and migration during development could also be instrumental to resolving a seeming paradox: although isolated from the heart, exogenous cardiac Sca-1 ϩ cells are not recruited there in the absence of injury.
Adult ventricular myocytes are refractory to cell cycle reentry for reasons that include their lack of telomerase activity (30) . Cardiac Sca-1 ϩ cells offer auspicious properties for cardiac repair, including high levels of telomerase, homing to injured myocardium, and dependence on the well defined BMP pathway. We emphasize the incompleteness of myocardial repair as executed by all endogenous mechanisms collectively, including whatever progenitors exist intrinsic and extrinsic to the heart. Although endogenous Sca-1 ϩ cells are present in the heart, engrafted ones accounted for virtually all of the cycling myocytes 14 d after infarction. Thus, there exists both need and opportunity to augment cardiac Sca-1 ϩ cell number or function.
